I. INTRODUCTION
Quantum chemical calculation and spectroscopic characterization of organic compounds, free radicals, radical anions etc. have found considerable amount of interest in recent years 1, 2, 3, 4 . Accurate and efficient calculation of spectroscopic constants for a wide range of molecular systems employs readily available methods and basis sets 5, 6 . The DFT method has been demonstrated to have great accuracy in reproducing the experimental values of quadrupole hyperfine coupling constants 7 , molecular structural properties 8 , rotational constants 1, 4 , IR frequencies, IR intensities and rotational invariants 9, 10, 11 etc. to within 8-10%. DFT 15 etc. to calculate their accurate spectroscopic parameters. Highest number of the polyatomic molecules identified in space are mostly carbon chains 16, 17 , the longest chain identified so far is HC 11 N 18 . Identification and characterization of these species could have been made by their previously reported spectroscopic parameters. Spectroscopic studies of the related series of molecules containing halogens have been extensively studied 19, 20, 21, 22 . Recently, we have investigated the variations of the spectroscopic parameters of bromocyanoacetylene (BrCCCN) at the HF-SCF and DFT levels in conjunction with a variety of basis sets 12 . It was found from the the investigation that DFT-B3LYP/6-311++g(d,p) level calculation is satisfactory in the prediction of bond lengths and rotational constants etc. of BrCCCN when compared against their experimental values. However, to my knowledge, a detailed quantum chemical calculations and molecular properties of chlorocyanoacetylene (ClCCCN) is very limited. Analysis of the microwave spectra of ClCCCN has been reported by T. Bjorvatten 23 . Infrared studies of ClCCCN have been reported by S.J. Cyvin et.al 24 . Later on, P. Klaboe et.
4000 cm −1 . In this study, the results of DFT (B3LYP, B3PW91) level calculations of optimized molecular geometry, rotational constants, quadrupole coupling constants, IR fundamental frequencies, IR intensities and rotational invariants of ClCCCN are compared against their available experimental data and reported. Linear regression analysis between the B3LYP/6-311++g(d,p) level calculated and experimental B o values have been made for a reasonable prediction of rotational constants of all the other 22 rare isotopomers of ClCCCN. Due to the lack of quantitative data on the IR intensities in the literature, the rotational invariants 27, 28, 29 of ClCCCN have been predicted and discussed here may be helpful in future for the experimental IR spectroscopist in interpreting IR intensities of this molecule. Satisfactory agreements between the calculated and available experimental values of spectroscopic parameters have been found at the B3LYP level and compared with the corresponding values calculated at B3PW91, RHF and MP 2 levels of theory. In addition, a test of the optimization followed by a frequency calculation at the MP 2 level in conjunction with a medium size basis set 6-31G or/and 6-311++g(d,p) predicts two negative frequencies (saddle point of oder two) corresponding to the -C≡C-Cl doubly degenerate bending mode (ν 7 ) and thus it was difficult to calculate the harmonic frequencies of these modes under C v point group symmetry.
II. COMPUTATIONAL METHODS AND CALCULATIONS
Geometry optimization and quantum chemical calculations were carried out at the restricted HF-SCF method, MP 2 method and Density Functional Theoretical (DFT) method under C v point group symmetry. The hybrid HF/DFT methods used were Becke's three-parameter method 30 with Lee-Yang-Parr correlation (B3LYP), Becke's three parameter exchange with Perdew-Wang Five different basis sets used during the analysis were Dunnings correlation consistent polarized valence double and triple zeta basis sets aug-cc-PVNZ (N = D, T) 34 augmented with a d function, Ahlriches TZV(3df,2p) 35 and triple split zeta qualities 6-311++g(d,p) and 6-311+g(df,pd) augmented with p, d and f functions. Tight convergence in stead of default convergence criteria was used with ultrafine integration grid for the calculation of normal mode frequencies. All calculations were carried out by the Gaussian03W suite program package 36 . The physical quantitiesp α , β α and χ α are invariant with respect to the rotation of space-fixed coordinate axes which are known as generalized atomic polar tensor charge (GAPT) 11 , atomic anisotropy and Kings atomic effective charge of αth atom respectively and are useful for interpreting infrared intensities. The components of the (3×3) atomic polar tensor matrix P (α) X are defined as the first derivatives of the components of molecular dipole moment with respect to the atomic Cartesian displacement co-ordinates of each atom α (=Cl, C and N) of ClCCCN given by: The generalized atomic polar tensor charges (GAPTs) are nothing but mean dipole derivatives 27, 28 given by:
such that
for the neutral molecule ClCCCN. The quantity χ α known as the effective charge of the αth atom, defined by King and co-workers 28,29 as:
where
The molecular polar tensor of ClCCCN is a juxtaposition of the (3×3) atomic polar tensors given by:
and is calculated from
where L −1 , U and B are matrices 37 used for molecular vibrational analysis and P Q contains the dipole moment derivatives with respect to the normal co-ordinates, which are proportional to the experimental infrared intensities 38 . P ρ is the rotation plus translation polar tensor whose elements for a neutral molecule proportional to µ/I 1 2 and ρ = BX, where µ and I are dipole moment and moment of inertia of of the molecule respectively. Atomic polar tensor components were directly calculated by Gaussian03 package.
On the other hand, nuclear quadrupole coupling constants (NQCCs) of chlorine and nitrogen of ClCCCN are calculated by using the electric field gradients (EFGs). The elements of the NQCC tensors χ ij are related to those of the EFG tensors q ij by :
where e is the fundamental electronic charge, h is Plank's constant and i, j = a, b, c are the principal axes of the inertia tensor.
III. RESULTS AND DISCUSSION
Optimization of geometry for each molecule at the restricted HF-SCF and DFT levels were performed in the ground state by single point energy calculation. In each case, stationary points were found and linear geometry of ClCCCN was confirmed. Finally, a frequency calculation following each optimization have been performed in order to check for the existence of a true minimum and to confirm an equilibrium structure. A test of geometry optimization followed by a frequency calculation under C v point group symmetry at the MP 2 level in conjunction with 6-31g or/and 6-311++g(d,p) basis sets succeeded in locating a stationary point but with two imaginary frequencies (IMAG = 2) corresponding to the -C≡C-Cl doubly degenerate bending mode. This confirms that the stationary point located by the MP 2 level of theory is not a true minimum rather a saddle point of order two on the potential energy surface of ClCCCN which may cause a large deformation to the geometry of the molecule. Similar features have also been reported elsewhere 39 . So the scan of the potential energy surface should be emphasized in order to characterize the the nature of the saddle point on the potential energy surface of ClCCCN and to check any possible existance of conical intersection between the ground and first excited state. However, the DFT and HF-SCF level calculations were not able predict any imaginary frequencies implying that the stationary point is located at the global minimum of the potential energy hyper-surface. The results of our calculation for bond lengths of ClCCCN are summarized in Table 1 . The (43)), 1.3700(23) (1.3680 (21)), 1.1607(10) (1.1596(10)) for Cl-C, C≡C, C-C, C≡N of 35 (and 37) species of ClCCCN respectively.
level calculations highly overestimates Cl-C and C-C bond lengths and underestimates C≡C and C≡N bond lengths, whereas these values calculated at the MP2 level overestimates all these bond lengths when compared against their experimental values. However, the results of DFT-B3LYP, B3PW91 method in conjunction with 6-311++g(d,p) basis set are in rather pleasing agreement with the experimental r s values. Here, We note a slight overestimation of Cl-C bond length and an underestimation of C≡C and C≡N bond lengths, differences between calculated values and the average r s values in bond lengths for ClCCCN are 0.0077Å, -0.0026Å, -0.0043Å and -0.001Å for Cl-C, C≡C, C-C and C≡N respectively at the B3LYP level, whereas a slight underestimation of all these bond distances being noticed at the B3PW91 level of theory, differences are -0.0013Å, -0.0017Å, -0.0058Å, -0.0007Å for Cl-C, C≡C, C-C and C≡N respectively. A comparison of bond lengths calculated at various levels, summarized in B3LYP level in conjunction with 6-311++g(d,p) basis set is calculated to be 5.3625Å which differs from the average experimental value by a factor of 0.0002 A . Thus, it is to say that the over-all r s -structure is a good approximation to the over-all bond length at the correlated level B3LYP/6-311++g(d,p) within, say, 0.001Å , which is mostly under the statistical uncertainties. Interestingly, our B3LYP/6-311++g(d,p) level optimized geometry leads to satisfactory values of rotational constants of ClCCCN shown in Table 3 .
The experimental values are also given for compari- 37 Cl and 14 N of ClCCCN, NQCC being proportional to the the electric field gradient (EFG), are calculated by using equation (8) . Calculation of EFGs being made on the r s -structures 23 as well as on the B3LYP and B3PW91/6-311++g(d,p) optimized geometries of ClCCCN. The methods, basis sets and procedures 7 used during the calculation were B3PW91/6-311+g(df,pd) for nitrogen and B1LYP/TZV(3df,2p) for chlorine respectively. The coefficients (eQ/h) ef f. in equation (8) A comparison of NQCCs of Chlorine calculated on the B3PW91/6-311++g(d,p) geometry as well as on the r s structure reveals an almost similar value, which is basically due to the similar C-Cl bond length, whereas its value calculated on the B3LYP/6-311++g(d,p) optimized geometry is a bit off as expected since NQCC varies linearly with C-Cl bond length. A comparison with ClCN 14 shows an underestimation in the value of NQCC of Cl, which being supported by a decrease of C-Cl bond length, the decrease being within 5%. On the other hand, the nuclear quadrupole coupling constant of 14 N of ClCCCN is also summarized in ClCCCN has, in principle, ten fundamental modes. These modes under the C v point group symmetry are distributed among four stretching vibrations of Σ + species and six bending vibrations of Π species, out of which three Π species are doubly degenerate. Thus, the vibrational assignments of ClCCCN reported by the co-authors 24,25,26 comprises seven fundamental modes ν 1 , ν 2 , ν 3 , ν 4 , ν 5 , ν 6 and ν 7 which is in consistent with the HF and DFT level calculations. All the normal modes are calculated to be Raman active. Harmonic frequencies have been calculated at the RHF and DFT levels in conjunction with three different basis sets with increasing size in solution (benzene) as well as in vapour phase are summarized in Table 5 . Experimental values are also included for comparison. All the predicted vibrational spectra have no imaginary frequency, implying that the optimized geometry is locating at the global minimum of the potential energy hyper-surface for both the methods. Frequencies calculated at the Hartree-Fock level contain known systematic errors due to the lack of electron correlation and the choice of the basis sets used, resulting an overestimation of 10-12 %. Therefore, it is usual to scale stretching frequencies predicted at values to a high degree accuracy for a wide range of systems 41 . However, the improvement of the quality of the unscaled normal mode frequencies is significant in going from the non-correlated to the correlated level of theory and enlarging the size of the basis sets at the cost of its computational expanse. A comparison of the experimental values against the resulting IR normal mode frequencies calculated at the B3LYP level leads to a largest over-all error with 6-311++g(d,p) basis set is 32 cm −1 , with the aug-cc-pVDZ basis set the over-all error is 16 cm −1 whereas with aug-cc-pVTZ the over-all error is 18 cm −1 . An unexpected change of the ν 6 fundamental frequency has been noticed both at the B3LYP and B3PW91 levels of calculation when 6-311++g(d,p) results being compared against the aug-cc-pVNZ (N = D, T) results indicating that this mode is sensitive to the size of the basis sets used. Thus, the size of the aug-cc-pVDZ basis set is somewhat more precise for the prediction of normal mode frequencies of ClCCCN at the DFT levels of theory. The values of ν 1 , ν 2 , ν 3 , ν 4 and ν 5 computed at B3LYP/aug-cc-pVDZ are overestimated from their respective experimental values by 85.1 cm −1 , 49.8 cm −1 , 25.1 cm −1 , 13.7 cm −1 , 13.2 cm −1 , whereas ν 6 and ν 7 are underestimated by a factor of 21.4 cm −1 and 7.4 cm −1 . These discrepancies can be corrected either by computing an-harmonic force constants or introducing a scaled field or directly scaling the calculated wave-numbers by taking the ratio between the calculated and observed frequencies for a particular type of motion. B3LYP scaling factor for stretching modes are all close to 0.965 published elsewhere 42 . Similarly, the normal mode frequencies calculated at the DFT-B3PW91 level of theory slightly overestimated from the DFT-B3LYP values, differences, for example, being 2.9, 2, 1.3, 8.8, 15.6, 9.3 and 13.6 cm −1 for ν 7 ...and ν 1 respectively in conjunction with aug-cc-pVDZ basis set, whereas this overestimation is highly overestimated for stretching and bending modes computed at the HF level of theory, differences being 20.9, 86.2, 84.7, 23.6, 36.2, 235.1 and 269.7 cm −1 respectively. A comparison of the normal mode frequencies calculated at the B3LYP/aug-cc-pVDZ in solution (benzene) with those of gas phase values indicates a shift of C≡N stretching frequency towards the high wavelength region as expected whereas for other modes the shift is rather small which being in good agreement with the experimental shifts. On the other hand, a frequency calculation at the MP 2 level in conjunction with a medium size basis set 6-311++g(d,p), presented in Table  5 , predicts two negative frequencies (saddle point of oder two) corresponding to the -C≡C-Cl doubly degenerate bending mode (ν 7 ) and thus it was difficult to calculate the harmonic frequencies of these modes at this level.
The infrared band intensities I i , on the other hand, of ClCCCN corresponding to the seven vibrational modes very strong, strong, very week, weak, strong, medium strong, and very weak respectively. The calculated intensities are summarized in Table 7 . As can be seen, the most intense absorption infrared band (I 1 ) corresponds to the C≡N normal mode as expected irrespective of the methods and basis sets used, variation in intensity is within 30 km/mole between the two (HF-SCF and DFT) theoretical methods. For the band I 2 , the differences between the RHF and B3LYP values in intensity are within 20 km/mole. Out of the three doubly degenerate bending modes, intensities of I 6 and I 5 corresponding to the normal modes ν 5 and ν 6 are calculated to be of equal in magnitude which were experimentally assigned to be medium strong and strong respectively. As shown in Table 6 , the main discrepancy in intensity is found for the ≡C-C≡ stretching band I 3 . For this band, variations in intensities are within 6-13 km/mole between the two theoretical methods. A comparison of IR intensities calculated (for example, at the B3LYP/aug-cc-pVDZ indicates a significant enhancement of C≡N stretching intensity as expected, since intensities measured in solutions somewhat larger than the gas phase intensities 10 , whereas for other bands the change is very less. Thus, the agreement between the calculated and the experimental gauss treatment in intensities, is far from being quantitative. Since there is no quantitative experimental data on IR intensity measurements for all these bands, no satisfactory interpretation could have possible. However, a direct calculation of the dipole moment derivative with respect to the normal co-ordinates can serve the purpose. For, one makes the use of APT analysis that permits the interpretation of IR intensities by means of mean atomic charges (p α ), the mass-weighted square effective charges ( Table 5 ) of ClCCCN. Atomic numbering is shown in Figure 1 . The modes corresponding to ν5 − ν7 are repeated twice since these are doubly degenerate. The actual directions of vibrations of the doubly degenerate bending modes were out of (shown as up) and into (shown as down) the paper which being modified here for a clear visualization of these modes.
it permit a direct calculation of atomic polar charges. The mean atomic charges as well as the other rotational invariants derived from the atomic polar tensors (APTs) using equations (1) to (5) for all the five atoms of the ClCCCN are summarized in Table 4 . The atomic polar chargesp α represent the redistribution of the electric charge density around each atom in such a way that their sum over all atoms equal to to zero in the molecular bonding environment of ClCCCN at its optimized equilibrium geometry. An important difference between APT charges and the Mullikan charges 44, 45 is that the basis-set dependence of the former arises only from the fact that the basis set can be incomplete; hence, as the basis set approaches completeness, the APT charges approach a well-defined limit 46 . A test with ClCCCN, shown in Table 4 , clearly indicates that GAPTs are almost invariant with respect to the basis sets. The polar tensor elements are calculated to be all negative for chlorine and nitrogen atoms as expected since these are the electronegative elements, contrast to the carbon atom (C 4 ) attached to it through a triple bond character which is highly positive, resulting the mean dipole moment of nitrogen as negative and that of carbon as positive, each of which can be interpreted as carrying slightly more than -0.35 e and +0.35 e. This, in turn, results in an unequal distribution of charges almost equal amount of positive charge on the other carbon atom C 2 , leading to an interpretation that the carbon atoms C 3 and C 2 carries atomic charges slightly more than +0.25e and -0.25e respectively. The average values of atomic polar charges calculated by all the methods are -0.146e, 0.396e, -0.251e, 0.366e and -0.365e having standard deviations ±0.013e, ±0.001e, ±0.0.016e, ±0.032e and ±0.024e for Cl, C, C, C, N of ClCCCN respectively which indicates an overestimation of standard deviations of C 4 and N that arises mainly due to p zz component of the atomic polar tensors of C and N. It is noted worthy that all other invariant quantities are within 0.1e whereas a larger variation in the value of anisotropy parameter β as well as in the value of undeformability of charge (P /β) on the atom α of ClCCCN (as shown in Table 4 ) has been noticed.
The Mulliken atomic charges, on the other hand, of chlorine and carbon attached each other by means of a single bond are predicted to be positive in conjunction with 6-311++g(d,p) basis set at all the methods, whereas these are predicted to be negative in conjunction with aug-cc-pVNZ (N = D, T) basis sets. Similarly, the charge of carbon atom attached to the nitrogen atom through a triple bond character is predicted to be negative irrespective of the methods and basis sets used. However, it successfully predicted a real sign to the nitrogen atom as expected. As can be seen, variations of these charges with respect to all the methods as a function of basis set choice is rather large, variations being -0.208e to 0.51e, -0.898e to 0.101e, 1.155e to 1.985e, -0.387e to -2.154e and -0.117e to 0.454e for Cl, C, C, C and N of ClCCCN respectively, whereas APT charges are less variable ireespective of the methods and basis sets used. A comparison of APT charges with the Mulliken atomic charges indicates that the APT charges are highly reliable than the Mulliken atomic charges and the Mulliken population analysis of atomic charge densities of ClCCCN does not reflect the physical and chemical characteristics of this system under consideration. Finally, a comparison of the Mulliken atomic charges with the effective charges (χ), shown in Table 4 , reveals an increase of Chlorine(Cl), C 2 , C 4 and N 5 APT charges as M q diminishes, which leads to an interpretation that χ is dominated by the stretching intensities 47 .
IV. CONCLUSION
All the spectroscopic constants were calculated at the restricted HF-SCF as well as DFT (B3LYP, B3PW91) levels in conjunction with a variety of basis sets. Satisfactory agreements between the B3LYP/6-311++g(d,p) and experimental values of rotational constants were found for ClCCCN. Over-all, r Cl...N , bond distance is a good approximation to the over-all bond distance at the corre- the B1LYP/TZV(3df,3p) and B3LYP/6-311++g(df,pd) levels respectively on the r s structure as well as on the B3PW91/6-311++g(d,p) optimized geometry are well within the scale length of experimental uncertainty. Enlarging basis sets size could improve the calculation accuracy and satisfactorily reproduced the experimental bending mode frequencies without being scaled with uniform scaling factors, though the stretching frequencies are a bit off. The rotational invariants have been sattheory is not a true minimum rather a saddle point of order two and thus scan of the potential energy surface should be emphasized in oder to determine the nature of the saddle point and verify any possible existence of conical intersection between the ground and first excited state.
